Nanocrystalline diamond films have been deposited using a microwave plasma consisting of argon, 2-10% hydrogen and a carbon precursor such as C6o or C&. It was found that it is possible to grow the diamond phase with both carbon precursors, although the hydrogen concentration in the plasma was 1-2 orders of magnitude lower than normally required in the absence of the argon. Auger electron spectroscopy, x-ray diffraction measurements and transmission electron microscopy indicate the films are predominantly composed of diamond. Surface roughness, as determined by atomic force microscopy and scanning electron microscopy indicate the nanocrystalline films grown in low hydrogen content plasmas grow exceptionally smooth (30-50 nm) to thicknesses of 10 pm. The smooth nanocrystalline films result in low friction coefficients (p=0.04-0.06) and low average wear rates as determined by pin-on-disk measurements.
Introduction
Research in the area of diamond thin film deposition has increased significanlly in the last ten years. The remarkable properties of diamond including its extreme hardness, low coefficient of friction, chemical inertness, high thermal conductivity, transparency and semiconducting properties make it attractive for a number of applications.1~2.3 The high hardness and low coefficient of friction of natural diamond make diamond films good prospects for tribological applications. Friction and wear properties have been investigated for the case of diamond and various other materials sliding against diamond fil1ns.4~5.6~7
The friction coefficient has been directly related to the surface roughness of the films, with smoother films approaching the reported value for natural diamond.**gJO
In this paper, we focus on nanocrystalline diamond films deposited using a microwave plasma consisting of argon, 2-10% hydrogen and a carbon precursor such as C6o or C Q . It was found that it is possible to grow the diamond phase with all three carbon precursors, although the hydrogen concentration in the plasma was 1-2 orders of magnitude lower than normally required in the absence of the argon. A variety of techniques are used to characterize the composition and surface of these films. Friction and wear measurements are performed to characterize the tribological properties of the films
Experimental Techniaue 2.1 Film Deposition
Diamond films were deposited in a microwave plasma chemical vapor deposition reactor (ASTeX PDS-17) as previously described.llJ2 The films were grown on single crystal silicon wafers polished with 0.1 pm diamond particles to enhance nucleation density. Film growth was monitored in situ using laser reflectance interferometry to determine growth rate and stop growth at the desired thickness. Gas composition, which consisted of varying amounts of H2, Ar and CHq or 0, gas pressure, microwave power, substrate temperature, growth rate, film thickness, rms surface roughness, friction coefficient and average ball wear rate for each film are contained in Table 1 . Films A 3 of 19 through E were grown to comparable thickness to allow direct comparisons. Film F was grown to examine properties of thick films grown under these conditions. Film G was grown under typical H2-CH4 diamond growth conditions. A bare silicon substrate was also tested for comparison.
To introduce c 6 0 into the reactor a quartz transpirator, shown in Figure 1 , was attached. Fullerene rich soot, consisting of approximately 10% c60, was purchased from MER corporation and placed in the transpirator. The soot was heated to 2OOOC under vacuum for 2 hours to remove residual gases and hydrocarbons. The tube furnace and transport tube were heated to between 550 and 6OOOC during operation to sublime c 6 0 into the gas phase. Argon gas was passed through the transpirator to carry the c 6 0 vapor into the plasma. To ensure that c 6 0 was transported into the chamber, a silicon wafer was placed in front of the transport tube while maintaining a 14 sccm argon flow. With the reactor pressure at 100 TOK and the transpirator at 6OO0C, a 1.7 mg brown film was deposited on the wafer in one hour. The fiim displayed strong c 6 0 infrared absorption features and no other features were observed. The measured Raman spectrum was also attributed to c 6 0 . Based on these measurements, the transpirator is considered an effective source of c 6 0 for diamond growth.
Films were also grown under similar low hydrogen content conditions using CH4 instead of c 6 0 as the carbon source. Exact comparisons are difficult because the amount of c 6 0 introduced could not be precisely determined.
Film Characterization
The films were characterized by a variety of techniques, including Raman spectroscopy, x-ray diffraction measurements (XRD), Auger electron spectroscopy (AES), tunneling electron microscopy (TEM), atomic force microscopy (AFM), and scanning electron microscopy (SEM) . Raman spectra of the films were measured with a Renishaw
Raman microscope using a HeNe laser at 632.8 nm with an output power of 25 mW focused to a spot size of about 2 pm. Raman spectroscopy is widely used to characterize 4of 19 diamond films, although the small grain sizes in these films has a significant effect on the Raman spectrum. A Phillips powder diffractometer with Cu Ka was used for XRD measurements to ensure the presence of diamond and check for evidence of crystalline graphite. AES spectra were obtained using a physical electronics model 548 with double pass cylindrical minor analyzer. The carbon KLL peak is sensitive to the bonding state of carbon, providing a qualitative means of assessing the sp2/sp3 ratio of the films. TEM imaging was performed in the JEOL 4000EXII operating at 400 kV. Specimens for TEM were prepared using standard dimpling and ion milling procedures. The surface was characterized using a Burleigh ARIS-3300 AFM to measure the rms surface roughness and a JEOL JXA-84OA SEM to image the surface.
Friction & Wear Measurements
Friction and wear tests were performed with pairs of silicon nitride balls and diamond-coated silicon substrates on a ball-on-disk tribometer. Tests were run in dry nitrogen environments. A Plexiglas cover was fitted over the tribometer, permitting ultra dry environments to be created. A few pairs without the diamond films were also tested, primarily to assess and compare their tribological performance to those of pairs with a diamond film. The dead weight applied to the balls was 2N. Frictional force was monitored with the aid of a linear variable-displacement-transducer and was recorded on a floppy disk via a data acquisition system throughout the tests. Evidence of low sp2/sp3 carbon ratios in the films is obtained from AES measurements of the carbon KLL peak shown in Figure 3 . The KLL peak is sensitive to the bonding state of the carbon atom and has been used to determine sp2/sp3 ratios in a-C:H films.13 The AES spectra for Films C-F are very similar to that reported in the literature for diamond,l4J5J6 indicating a low sp2/sp3 ratio. The AES spectrum of Film B appears to be somewhere between diamond and graphite, indicating a higher sp2/sp3 carbon ratio in this film.
High resolution TEM has been used to examine the microstructure of films grown with fullerene precursors and indicates the films are composed of small diamond grains carbon ratio. The 1332 cm-1 peak intensity has been shown to decrease with decreasing grain size for both diamond films, where the grain size was determined from XRD measuremen ts,20 and for diamond particles of known size.21v22 Furthermore, these Raman spectra were excited using 632.8 nm light, which is more sensitive to the nondiamond carbon phases than the 488 nm Argon ion laser light commonly employed for measuring Raman spectra.23 The present interpretation is supported by the TEM images, which indicate that Film A is nanocrystalline, as well as the AES and XRD data, which indicate the sp2/sp3 ratios of the films are similar to diamond and the only crystalline component in the films are diamond.
AFM measurements of rms surface roughness for Films A-E and G, all grown to = 2 pm, shows that higher carbon to hydrogen ratios lead to smooth film growth, while lower ratios lead to rougher films. Film F demonstrates that in these low hydrogen content plasmas, a 10 pm thick, smooth (rms roughnesses of 45 nm) film can be grown. Figure 6A is a cross-sectional SEM micrograph of Film A. As is clear, the surface of this nanocrystalline diamond Film is rather smooth. Figure 6B shows that the wear track formed on Film A during tribological testing becomes extremely smooth.
Friction & Wear Data
As is evident from Figure 7 , Film D with a rough surface finish exhibits a signiticantly higher friction coefficient than the smooth Film C in dry N2. As a reference, the friction coefficient of the Si substrate against the Si3N4 ball is also included in this Figure. The initial friction coefficient of rough diamond film is particularly high, Le., 4.65. Furthermore, the friction trace of this f i i is rather unstable and fluctuates between 7 of 19 0.15 and 0.27 at steady-state (see Figure 7) . Table 1 shows the overall frictional performance and ball wear rate for both the rough and smooth diamond films. Again, the highest friction coefficients are due to rough diamond films, whereas the smooth diamond films exhibit friction coefficients of 0.04 to 0.08. We believe that the large fluctuations in the friction traces and very high initial friction coefficients of rough diamond films are largely due to ploughing and interlocking of asperities across the sliding interface. Sharp asperity tips of diamond crystals can dig in and cut the surface of softer counterface material, thus causing severe abrasion and ploughing. It is known that a high degree of ploughing can cause high frictional traction between sliding surfaces. This in turn promotes high friction and severe abrasion of the much softer counterface material. During successive sliding passes, the sharp asperity tips are progressively rounded and eventually blunted to result in a much smoother surface finish. Furthermore, the valleys between asperities are filled with a blanket of wear debris particles.The combination of these two physical phenomena produces a relatively smooth surface finish and eventually results in somewhat lower friction coefficients, Le., 0.2 on rough diamond films as shown in Figure 7 . This observation is consistent with the results of previous investigators who also reported very high friction coefficients for rough diamond films. In general, they found that the greater the surface roughness the higher the initial and steady-state friction coefficients for diamond films.4-10
Owing to their much smoother surface finish, Films A and C exhibit very low friction coefficients, i.e., 0.04 to 0.05, especially at steady-states (see Figure 7) . These values are comparable to that of a natural diamond in dry N2 as reported in Ref. 8. As shown in Figure 6a , the surface asperities of these films are not faceted and sharp. Most importantly, the sliding contact surfaces of these films become exceedingly smooth under the influence of repeated sliding (see Figure 6b) . As a result, the extent of frictional losses during sliding against Si3N4 remain low, especially after a break-in regime of the sliding tests. In short, these films cause much lower ploughing, hence very little fluctuation in friction traces during sliding. Table 1 lists the wear rates of Si3N4 balls during sliding against various diamond films. As is evident, compared to smooth diamond films, rough diamond films cause much higher wear losses on counterface balls. This can be attributed to severe abrasion caused by the sharp asperity tips and edges of rough diamond crystals, whereas the smooth films result in much lower wear losses on the Si3N4 ball.
Conclusions
Nanocrystalline diamond films have been deposited using a microwave plasma consisting of argon, 2-10% hydrogen and a carbon precursor such as c60 or C&. It is possible to grow the diamond phase with both c60 or CQ, although the hydrogen concentration in the plasma was 1-2 orders of magnitude lower. than normally required in the absence of the argon. The Ar-grown films have been shown to be nanocrystalline diamond films which grow with a relatively smooth surface. In fact, 10 pm thick films (Film F, 
